Centromeres are specified epigenetically, and the histone H3 variant CENP-A is assembled into the chromatin of all active centromeres 1 . Divergence from H3 raises the possibility that CENP-A generates unique chromatin features to mark physically centromere location. Here we report the crystal structure of a subnucleosomal heterotetramer, human (CENP-A-H4) 2 , that reveals three distinguishing properties encoded by the residues that comprise the CENP-A targeting domain (CATD; ref.
2): (1) a CENP-A-CENP-A interface that is substantially rotated relative to the H3-H3 interface; (2) a protruding loop L1 of the opposite charge as that on H3; and (3) strong hydrophobic contacts that rigidify the CENP-A-H4 interface. Residues involved in the CENP-A-CENP-A rotation are required for efficient incorporation into centromeric chromatin, indicating specificity for an unconventional nucleosome shape. DNA topological analysis indicates that CENP-A-containing nucleosomes are octameric with conventional left-handed DNA wrapping, in contrast to other recent proposals [3] [4] [5] [6] . Our results indicate that CENP-A marks centromere location by restructuring the nucleosome from within its folded histone core.
Several experiments have identified functionally important portions of CENP-A, whereas others have supported proposals of its assembly onto DNA in atypical histone arrangements. Early attention was given to the amino-terminal tail of CENP-A 7,8 , but a major contribution of the tail to mammalian CENP-A function has been called into question as an engineered H3 chimaera containing the CATD-a portion of the histone fold domain of CENP-A containing 22 amino acid deviations from conventional H3 (ref.
2)-is sufficient to rescue the lethal mitotic chromosome segregation defect caused by depletion of endogenous CENP-A in mammalian cells 9 . Recent proposals for atypical centromeric nucleosome arrangements have included, in budding yeast, the replacement of H2A-H2B dimers with a non-histone protein, Scm3 (ref. 3); in fission yeast, the removal of H2A-H2B dimers from the nucleosome 4 ; and in fruitflies, a 'hemisome' containing only a single copy of each CENP-A, H2A, H2B and H4 (ref. 5). The hemisome proposal was recently extended to include right-handed DNA wrapping of CENP-A-containing histone complexes, the opposite of conventional nucleosome wrapping 6 . In contrast, other studies have suggested that budding yeast, fruitfly and human versions of CENP-A each exist in their major form in chromatin as nucleosomes containing two copies each of CENP-A, H2A, H2B and H4 (refs 10-12). Even without deviating from an octameric histone arrangement, CENP-A-containing nucleosomes could potentially mark centromere location by altering the topology of the DNA (for example, switching handedness of DNA wrapping) and/or the topography of the nucleosome (for example, structural alterations conferred by CENP-A). Indeed, CENP-A rigidifies the histone complexes into which it assembles, both before and after loading onto DNA, a physical property conferred by its CATD 2, 13 .
Understanding the physical basis of CENP-A-mediated centromere function-in maintaining centromere location and providing the chromatin foundation for the mitotic kinetochore-has been hampered by a lack of crystal or NMR structures of the CENP-A protein.
We crystallized the partially proteolysed CENP-A-H4 complex and collected X-ray diffraction data to 2.5 Å resolution (Supplementary Fig. 1 ). We then engineered a recombinant version with N-terminal truncations corresponding to the trypsinized version and obtained crystals that diffracted to 2.1 Å resolution ( Fig. 1a , crystallographic R-factor: 0.180; R free : 0.241 (Supplementary Table 1) ). The CENP-A-H4 dimer halves from each of the two structures overlay nearly perfectly (r.m.s.d. 5 0.5 Å ) with a 5u difference in rotation at the CENP-A-CENP-A interface ( Supplementary Fig. 2 ). The structures show that CENP-A uses the carboxy-terminal portion of its a2 helix and its a3 helix to form a stable tetramer, as does the counterpart (H3-H4) 2 heterotetramer from within the canonical nucleosome. We use the H3 and H4 chains from within the canonical nucleosome structure 14, 15 in our comparisons with the (CENP-A-H4) 2 heterotetramer structure, but we could have used conventional structures obtained from octamers lacking DNA or when applicable the trimeric Asf1-H3-H4 structures, as the overall helical fold and structured loops are nearly identical despite crystallization under widely divergent conditions ( Supplementary Fig. 3 ). As in the H3-H3 interface, the CENP-A-CENP-A interface is comprised of hydrophobic interactions and critical hydrogen bonding network ( Supplementary  Fig. 4 ).
An overlay of one CENP-A molecule and one H3 molecule ( Fig. 1b ) reveals that the (CENP-A-H4) 2 heterotetramer is rotated 9-14u between dimer pairs relative to the (H3-H4) 2 heterotetramer in the nucleosome. This results in substantial differences in the relative position of residues within the heterotetramer ( Supplementary  Fig. 5 ), including a predicted compaction of its maximal dimension (D max ) by ,5 Å ( Supplementary Fig. 6 ). To test whether the CENP-A-CENP-A rotation is dictated by contacts within the crystal lattice, or rather differences in favoured conformations in solution, we performed small-angle X-ray scattering studies (SAXS) and found that (CENP-A-H4) 2 (D max 5 75 Å ) is indeed substantially compacted relative to (H3-H4) 2 (D max 5 85 Å ) ( Supplementary Fig. 6 ).
We hypothesized that the rotational divergence requires residues that are specific to CENP-A. There are a total of five non-conserved residues between CENP-A and H3 in the portion of the a2 helix within the four-helix bundle that forms the CENP-A-CENP-A interface. We found two of these residues (His 104 and Leu 112) to introduce clear deviation relative to the H3-H3 interface ( Fig. 2a, b ). His 104 is involved in an intramolecular interaction with Asp 108, one turn up the a2 helix, that accommodates a CENP-A-specific kink in the a2 helix ( Fig. 2c, d) , and Leu 112 extends an aliphatic side chain deep into the hydrophobic portion of the four-helix bundle ( Fig. 2b and Supplementary Fig. 4 ). The single H104G mutation causes a defect in efficient centromere targeting, but the individual L112C substitution has no effect ( Fig. 2e , f). The combination (H104G/ L112C), however, abolishes efficient targeting to centromeres and localizes to bulk chromatin. Thus, these two alterations that are involved in stabilization of the rotated heterotetramer provide essential contributions unique to centromere-specifying nucleosomes.
The (CENP-A-H4) 2 crystal structure also reveals a bulge at the N-terminal portion of loop L1 of CENP-A that extends positions 80 (Arg) and 81 (Gly) beyond the corresponding surface in H3-H4 ( Supplementary Fig. 7 ). This part of the heterotetramer remains exposed on the surface after canonical nucleosome assembly and is the site of a prominent post-translational modification (H3K79 methylation) that regulates Sir3 binding 16, 17 . CENP-A markedly alters its corresponding surface with the replacement of aspartate with lysine at position 77 and the addition of Arg 80 within its extended L1 bulge ( Supplementary Fig. 7 ). These changes render the CENP-A surface with charge and shape features that distinguish the complexes into which it assembles from its canonical counterparts containing H3 ( Fig. 3a-c) .
CENP-A-containing complexes are rigidified compared to their canonical counterparts. This was first observed in (CENP-A-H4) 2 heterotetramers 2 using hydrogen/deuterium exchange-mass spectrometry (H/DX-MS), where protection from exchange is consistent with local conformational inflexibility. Upon mapping the original H/DX-MS data 2 onto the structure of the (CENP-A-H4) 2 heterotetramer, we confirmed that the region that is ,10-fold slower to exchange (the regions in blue in Fig. 3a ) than any region of conventional (H3/H4) 2 heterotetramers consists of the interface of the a2 helix from CENP-A and the a2 and a3 helices of H4.
Slowing of exchange at this rigid interface could occur through tighter packing of local residues (or other tertiary structure changes) that restrict solvent accessibility. Alternatively, it could occur by interchain contacts in CENP-A-H4 pairs that restrict, relative to the H3-H4 pair, local unwinding of the affected helices (note that transient unfolding of secondary structure is required for exchange of amide protons 18 ). The crystal structure of the (CENP-A-H4) 2 heterotetramer strongly indicates that the latter mechanism explains the rigidity of centromeric nucleosomes and subnucleosomal CENP-A complexes. The organization, packing and inter-backbone distances at the corresponding interfaces of CENP-A-H4 and H3-H4 pairs are nearly identical ( Fig. 3d-g) . In both pairs, the interface is primarily comprised of hydrophobic interactions. On either end of the CENP-A-H4 interface, there are key substitutions in CENP-A relative to H3 that increase local hydrophobicity ( Fig. 3d-g) . At the contact point between the a2 helices from CENP-A and H4, two CENP-A-specific changes (Ala 98 and Phe 101) remove polarity ( Fig. 3d, e ). Likewise, on the other end of its major binding surface with H4, four CENP-Aspecific changes (Val 82, Phe 84, Trp 86 and Leu 91) add hydrophobicity and/or extend deeper into the hydrophobic bundle at the junction of L1 and the a2 helix of CENP-A and the a2 and a3 helices of H4 ( Fig. 3f, g) . Either end of the CENP-A-H4 interface is thus stitched together with increased hydrophobic contacts that substantially prevent the flexibility that allows regional conformational sampling of partially unfolded states in conventional H3-containing complexes. Immediately past each end of the hydrophobic stitches are the two other major distinguishing structural features conferred by CENP-A: the positively charged bulge of the extended loop L1 that is adjacent to the N-terminal end stitch, and the residues responsible for the rotation of the CENP-A-CENP-A interface that is adjacent to the C-terminal end stitch (Fig. 3h) .
The majority of the basic residues on the DNA binding surface of the (H3-H4) 2 heterotetramer are preserved in (CENP-A-H4) 2 (Fig. 4a ) and oriented in a manner favouring conventional left-handed DNA wrapping. The compact nature of the (CENP-A-H4) 2 heterotetramer ( Fig. 1) , if preserved upon nucleosome formation, will cause the radius of curvature of nucleosomal DNA to decrease slightly. More pronounced is the movement of the two H2A-H2B dimer-binding sites relative to each other. In conventional nucleosomes, each H2A-H2B dimer docks onto the (H3-H4) 2 heterotetramer by forming a four-helix bundle between H2B and H4 (ref. 14) . As the side-chain substitutions involved in the CENP-A-CENP-A interface are also critical for incorporation into centromeric chromatin, we favour a working model where the CENP-A-CENP-A interface maintains the rotation that is present in free heterotetramers (Fig. 4b ). In this model, H2A-H2B dimers and the gyres of DNA would be positioned further from the dyad axis of the nucleosome to avoid steric clashes between the two H2A-H2B dimers. The requisite H2A-H2B repositioning is likely to be accomplished by a minor rotation at the H2B-H4 four-helix bundle. Thus, our working model predicts that the CENP-A nucleosome wraps DNA in a conventional left-handed manner but with alterations to its overall shape relative to canonical counterparts.
To test the handedness of CENP-A-containing nucleosomes, we used well-established plasmid-based methodologies for nucleosome selfassembly and subsequent topological analysis that exploit the fact that conventional nucleosomes induce supercoils into closed, circular DNA templates 19 . Following standard nucleosome assembly reactions 14, 20 , CENP-A-containing and H3-containing nucleosomes were assessed for histone content, protection from micrococcal nuclease digestion, and the extent and directionality of DNA wrapping (Fig. 4c ). Nucleosomes were assembled by adding either (CENP-A-H4) 2 or (H3-H4) 2 heterotetramers and H2A-H2B heterodimers at a 1:2 (tetramer:dimer) molar ratio using a targeted nucleosome occupancy of 70% or 90% (calculated with a spacing of one nucleosome per 208 base pairs (bp); Supplementary Fig. 8 ). After assembly, both H3-and CENP-A-containing nucleosomes contain equimolar amounts of each histone (Fig. 4d ). Both types of nucleosomes protect ,150 bp of DNA (Fig. 4e ). We noted that the band of protected DNA was slightly broader for CENP-Acontaining nucleosomes than the tight band of protection in the case of H3-containing nucleosomes. This broadening is probably due to weakening of the interaction of CENP-A with the nucleosome entry/ exit DNA resulting from the replacement of an arginine residue-that in H3 intercalates into the entry/exit DNA 14 -with lysine at CENP-A position 49 (ref. 21) . For conventional nucleosomes, plasmid supercoiling indicates assembly and is assessed by increased mobility in agarose gels (one nucleosome induces ,1 supercoil 22 ). The directionality of the supercoiling is readily determined by adding positive supercoils to the plasmids by including an intercalator (for example, chloroquine) in the gel electrophoresis step. The intercalator reduces plasmid twist, thus compensatively increases writhe: plasmids that are originally negatively supercoiled (such as those induced by canonical nucleosome assembly; Fig. 4f ) are relaxed by the intercalator (Fig. 4g) , whereas those that are positively supercoiled will accrue additional positive supercoils 23 . CENP-A nucleosomes induce supercoils (Fig. 4h ) that are negatively supercoiled (Fig. 4i) , in a manner indistinguishable from their conventional counterparts containing H3. (CENP-A-H4) 2 heterotetramers can be assembled onto DNA 24 and we found that they direct left-handed wrapping independently of the additional topological constraints incurred upon binding H2A-H2B dimers ( Supplementary Fig. 9 ), as do conventional (H3-H4) 2 heterotetramers 25 . For CENP-A to specify the location of the centromere it must physically alter the chromatin into which it assembles. We have solved the structure of the subnucleosomal heterotetramer containing two copies each of CENP-A and H4, revealing physical features that mark centromeric chromatin. Notably, the three most pronounced physical changes-rotation at its tetramerization interface, extended positively charged bulge on its surface, and hydrophobic stitching to restrict conformational flexibility-are all mediated by amino acid substitutions relative to H3 that fall within the CATD (Fig. 3h ), the region that has been shown to be sufficient to convert conventional H3 into a centromeric histone, in terms of its ability to track to centromeres and maintain centromere identity and function upon incorporation into centromeric nucleosomes 2, 9, 26 . Neither the L1 nor a2 helix alone is sufficient to convert H3 into a functional centromeric histone 9, 11, 27 , but rather act together to form a functional CATD. Thus, there is probably cooperation between the three distinct structural features encoded in this portion of CENP-A. Because the CATD mediates molecular recognition events before and after nucleosome assembly 28, 29 our physical studies contribute to current models of CENP-A-directed self-propagation as a key component of the mechanism in the epigenetic inheritance of centromeres. Furthermore, our findings with purified components provide strong support for the notion that the octameric form of CENP-A-containing nucleosomes is a widely conserved feature of eukaryotic centromere identity and function. CENP-A alters the chromatin into which it assembles, not by switching handedness of DNA wrapping or disrupting the octameric nature of the nucleosome, but by altering nucleosome structure from within the folded histone core.
METHODS SUMMARY
The CENP-A-H4 complex was crystallized using the hanging-drop vapour diffusion method, and hexagonal crystals of trypsinized and engineered N-terminal truncated complexes appeared in 5-7 days. Crystallographic data were collected at the Argonne National Laboratory and Advanced Light Source and one chain of H3 and one chain of H4 from the crystal structure of nucleosome (Protein Data Bank 1KX5 15 ) were used as a search model for molecular replacement. Initial models were completed through several cycles of manual model rebuilding and refinement. Nucleosome assembly was performed using a standard approach for generating conventional nucleosome arrays 20 . We used pUC19 plasmid DNA as the template and calculated maximum nucleosome occupancy based on one nucleosome occupying 208 bp of DNA. Histone content of nucleosomes was analysed by SDS-PAGE and Coomassie blue staining. Supercoilingbased topological analysis was performed and the products were run on a 0.8% agarose gel and post-stained with ethidium bromide. Partial micrococcal nuclease digestion was performed and the products analysed on a 1.5% agarose gel and post-stained with ethidium bromide. HeLa cells were cultured in DMEM containing 10% newborn calf serum, transfected with the indicated plasmids using Effectene (Qiagen), and processed for immunofluorescence 2 days after transfection as described elsewhere 2 . YFP-CENP-A constructs were described elsewhere 9 .
Mutations were introduced using the Quickchange system (Stratagene) and the plasmids were sequenced. For each sample, images were collected at 0.2 mm z-sections that were subsequently deconvolved using identical parameters. The z-stacks were then projected as single two-dimensional images.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
